Background--Exosomes are membranous vesicles generated by almost all cells. Recent studies demonstrated that mesenchymal stem cell-derived exosomes possessed many effects, including antiapoptosis, anti-inflammatory effects, stimulation of angiogenesis, anticardiac remodeling, and recovery of cardiac function on cardiovascular diseases. However, targeting of exosomes to recipient cells precisely in vivo still remains a problem. Ligand fragments or homing peptides discovered by phage display and in vivo biopanning methods fused to the enriched molecules on the external part of exosomes have been exploited to improve the ability of exosomes to target specific tissues or organs carrying cognate receptors. Herein, we briefly elucidated how to improve targeting ability of exosomes to ischemic myocardium.
T reatment strategies for acute myocardial infarction (AMI), such as traditional medicine, percutaneous coronary intervention therapy, and coronary artery bypass grafting, are insufficient to stave off cardiomyocyte losses, prevent the remodeling of the left ventricle (LV), and terminate the progress of heart failure. Regenerative medicine has been developed in recent years, such as mesenchymal stem cell (MSC) transplantation to repair myocardial infarction (MI) and restore heart function in both animal experiments [1] [2] [3] [4] and patients. [5] [6] [7] [8] [9] [10] There is mounting evidence that MSCs help repair or regenerate damaged tissues, primarily by means of secreting paracrine factors, 11 including antiapoptotic factors, 12 proangiogenic factors, 13 and exosomes, 14 rather than via the differentiation into cardiomyocytes.
promising carriers for efficient drug or therapeutic gene delivery. Nevertheless, both the conventional carriers and exosomes are apt to be trapped in nonspecific organs, especially in the lung and the liver, leading to insufficiency in targeting myocardial ischemia area. 21 Therefore, attempts to modify exosomes as effective carriers directly targeting ischemic myocardium have been considered. One method that has been harnessed is to restructure transmembrane proteins of exosomes to fuse with ligands or homing peptides, which confers exosomes' targeting capability to tissues or organs carrying the corresponding receptors. However, only a few studies on tumor or nervous system exploited engineered exosomes for targeted disease therapy. 22, 23 Recently, a new peptide sequence, CSTSMLKAC, that can preferentially target to ischemic region of the heart has been discovered via in vivo phage display technique. 13 In our study, we clearly elucidated that fusion with ischemic myocardium-targeting peptide CSTSMLKAC (IMTP) could enhance the specificity and efficiency of exosomes directly targeting ischemic myocardium.
Methods
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure on request from the Institute for Cardiovascular Science, Soochow University (Suzhou, China).
Animals
One commonly used mouse strain, C57BL/6, was selected (sex unlimited) from the Experimental Animal Center of Soochow University. All animal procedures in this protocol were conducted in accordance with the Guidelines for the Care and Use of Research Animals, established by Soochow University.
BMSC Isolation and Culture Condition
A new improved approach of isolating BMSCs was adopted in our study. Humeri, tibiae, and femurs were severed from 2-or 3-week-old C57BL/6 mice. The bones were placed in a sterile culture dish containing appropriate DMEM/F-12 (Gibco, United States) added with 0.1% penicillin/streptomycin and 2% fetal bovine serum (Hyclone, United States). Bone marrow cells were flushed thoroughly with a 26-gauge syringe needle inserted into the marrow cavity. Afterwards, the diaphyses of humeri, tibiae, and femurs were chopped into %3-mm 3 sclerites and digested with collagenase II for 1 to 2 hours at 37°C in a shaker with a rotating speed of 40 g. During digestion, bone marrow cells were filtered using a 70-lm strainer filter and centrifuged at 200 g for 5 minutes. The cell pellet was resuspended in C57BL/6 mBMSC complete culture medium (Cyagen Biosciences Inc, United States) and seeded in culture dishes. After digestion, bone chips were washed 3 times with basic DMEM/F-12 and seeded into the culture dishes cocultured with the bone marrow cells at 37°C containing 5% CO 2 . After being seeded for 3 days, mBMSCs attached to the bottom of culture dishes, whereas hematopoietic cells were still suspended in the medium. The nonadherent cells were eliminated through the exchange of the cell medium at 72 hours and every 2 to 3 days thereafter. The mBMSCs from passage 3 to passage 8 were applied to in vivo and in vitro experiments.
Construction of Lamp2b With IMTP Plasmid and Transfection
Clonal expansion of Lamp2b was conducted using cDNA extracted from mouse skeletal muscle cells. Lamp2b+IMTP gene sequence was synthesized and purified by the GenePharma (China). Polymerase chain reaction (PCR) can be applied to expand the cDNA sequences. After being digested by BamHI (ThermoFisher Scientific, United States) and EcorI (ThermoFisher Scientific) restriction enzymes, the Lamp2b+IMTP and the lentivirus-based vector pCDH-CMV-MCS-EF1-copGFP were run on a gel for purification. Then, the Lamp2b+IMTP gene sequence was joined to the vector via T4 DNA ligase (ThermoFisher Scientific) at 4°C for >12 hours. Then, transformation was conducted to drive the plasmid vector into the competent cells that would clone it. Next, bacteria were coated on agarose plates with ampicillin and incubated overnight at 37°C. An individual colony was singled out from the transformed plates, added into liquid Luria-Bertani media in numbered tubes, and incubated in a shaker incubator at the shaking speed of 230 rpm/min overnight at 37°C. After centrifugation, the plasmid was extracted and sequenced to confirm the correct insertion.
Clinical Perspective
What Is New?
• Exosomes engineered with the ischemic myocardiumtargeting peptide CSTSMLKAC motif can preferentially target ischemic myocardium, and mesenchymal stem cellderived ischemic myocardium-targeting peptide CSTSMLKACexosomes play important roles in the treatment of acute myocardial infarction.
What Are the Clinical Implications?
• Mesenchymal stem cell-derived exosomes targeting to ischemic myocardium could be supplied as a novel carrier to transport therapeutic molecules, such as drugs or microRNAs, into ischemic heart tissues.
Lentivirus packaging was conducted using 293T cells. The day before transfection, cells were trypsinized and counted. The cells were plated at a density of 2910 6 cells in each culture dish so that they were 90% to 95% confluent on the day of transfection. A total of 8 lg of Lamp2b+IMTP plasmid DNA, 6 lg of psPAX, and 4 lg of pMD were diluted in 500 lL Opti-MEM (Gibco). Lipofectamine 2000 transfection reagent (Invitrogen, United States) was diluted in Opti-MEM to a total volume of 500 lL and was incubated for 5 minutes at room temperature. They were gently mixed together and incubated for 20 minutes at room temperature. The mixture was added to each 293T culture dish, and the cells were incubated at 37°C for 72 hours before harvesting lentivirus suspension. PEG 8000 (Sigma, Japan) was used to concentrate the lentivirus. After determination of virus titer, appropriate lentivirus was applied to infect BMSCs.
Purification of Exosomes
BMSCs were cultivated in DMEM/F-12, added with 10% fetal bovine serum, which was previously centrifuged at 110 000g for 10 hours to remove exosomes already in bovine serum, and serum-free medium (Cyagen, China) was used as the control exosome group. The BMSC culture supernatant containing exosomes was harvested 48 hours after transfection by centrifugation at 500g for 5 minutes. Exosomes were extracted by using Total Exosome Isolation reagent (Invitrogen), strictly according to the instructions. PBS was used to resuspend the purified exosomes. Exosomes were kept either at À80°C for long-term preservation or at À20°C for shortterm preservation.
Identification of Exosomes by Western Blot and Transmission Electron Microscopy
Purified exosomes from BMSCs were identified using TSG101 (Abcam, United Kingdom), CD63 (Abcam), and CD9 (Abcam) by Western blot analysis. Modified exosomes were detected by Lamp2 (Abcam) by Western blot analysis. Purified exosomes from BMSCs were resuspended in PBS and fixed with 3% glutaraldehyde solution for half an hour at room temperature. Exosomes (20 µL) were added to a copper grid and dyed with 1% phosphotungstanic acid for 5 minutes at room temperature. The dried grid was examined using a Zeiss Libra 120 (Zeiss, Germany) electron microscope at 120 kV.
Characterization of Exosomes Using Nanoparticle Tracking Analysis
Nanoparticle tracking analysis (NTA) was conducted with a NanoSight LM10-HSB instrument (A&P Instrument Co, United Kingdom) to automatically track and size purified exosomes simultaneously in real time. The determination of capturing and analyzing parameters was manually set (refer to the NanoSight Technical note). A high-resolution particle-size distribution was detected and processed with the NTA 2.2 Analytical Software Suite.
Internalization of Exosomes by H9C2
To investigate whether IMTP-exosomes were able to target more efficiently and selectively to ischemic myocardium, IMTP-exosomes, blank-exosomes, and control-exosomes were labeled with DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate) and cocultured with the rat cardiomyoblast cell line H9C2, which induced hypoxia by culturing in DMEM-HG (Hyclone) containing 3% fetal bovine serum and incubating in a hypoxic incubator containing 94% N 2 , 5% CO 2 , and 1% O 2 for >24 hours. After 2 hours of coculturing, the percentage of H9C2 internalized exosomes was confirmed by flow cytometry.
To verify whether IMTP-exosomes fused with H9C2 cells, we labeled the exosomes with DiI (Thermo Fisher Scientific) and labeled hypoxia pretreated H9C2 cells with DiO (3,3′-dioctadecyloxacarbocyanine perchlorate) (Thermo Fisher Scientific). Then, the exosomes were cocultured with the H9C2 cells for 30 or 60 minutes at 37°C. Images of colocalized exosomes and the H9C2 membrane were observed under fluorescent microscopy (Olympus, Japan).
Exosome Labeling
Near-infrared fluorescent dye, 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl indotricarbocyanine iodide (DiR), was purchased from Invitrogen and used to label exosomes. The dye powder was dissolved in dimethyl sulfoxide to prepare stock solution in accordance with specification. Purified exosomes were incubated with 50 mmol/L DiR for 30 minutes at 37°C. After being washed in 20 mL of PBS, excessive dye was eliminated by ultracentrifugation at 100 000g for 90 minutes. Then, the labeled exosomes were resuspended in PBS before use.
Mouse MI Model and Exosome Injection
MI was performed in female C57BL/6 mice (aged 8 weeks; weight, 20-25 g), according to the previous report. 24 Briefly, animals were anesthetized with 4% chloral hydrate through intraperitoneal injection for one time and underwent tracheal intubation. Operations were performed by left thoracotomy and ligating the left anterior descending coronary artery with a 6-0 nondestructive suture. Successful MI model was confirmed by hemodynamic parameters recorded by electrocardiography. The chest was carefully closed with a 3-0 sterile suture after the lungs were fully inflated, and incisions were cleaned and disinfected. DiR-labeled exosomes derived from BMSCs were intravenously injected via the tail vein (4910 9 particles/50 lg/ 100 lL PBS/mouse) immediately after coronary artery ligation. Internal fluorescent signals were monitored using the In Vivo Imaging System (IVIS) at 0.5, 2, 24, 48, and 72 hours after the injection to acquire serial fluorescence images. Wavelength was set for excitation at 745 nm and emission at 780 nm. The animals were imaged at 5 time points while supine. At the last time point, heart, liver, spleen, lung, and kidney from each mouse were harvested for ex vivo imaging. Fluorescence signal intensity was analyzed using the IVIS Spectrum in vivo imaging system and Living Image Software (PerkinElmer, United States) to determine tissue distribution of DiR-labeled exosomes.
Cardiac Function
Transthoracic echocardiography was performed to assess cardiac function in response to MI and/or exosome therapy. Four time points, at postoperative day and day 3, day 14, and day 28 after the MI model was established, were selected to monitor echocardiography. Anesthesia was induced in the mice with 5% isoflurane and maintained with 1.5% isoflurane. The precordial region was dehaired and examined with VevoStrain software integrated with the Vevo2100 application (Visual Sonics Inc, Canada) furnished with a 400-MHz transducer. Measurements were designed to be applied on parasternal long-axis view and short-axis view of the heart, achieved in B mode at the level of the papillary muscles. From these images, the following calculations, including ejection fraction, fractional shortening, LV enddiastolic diameter, and LV end-systolic diameter, were completed.
Inflammatory Response and Ventricular Remodeling
Hematoxylin and eosin staining, immunofluorescence staining of macrophages, and reverse transcription-quantitative PCR (RT-qPCR) were applied to evaluate inflammatory response.
Terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling assay, Masson trichrome staining, and immunohistochemistry were used to measure the degree of ventricular remodeling. All mice were euthanized at either day 3 or day 28 after experimental infarction. Hearts were harvested and simply trimmed to dissociate out the upper part of ligation. Then, tissues were immersed in 4% paraformaldehyde for 48 hours at 4°C. Cryosections (6 lm thick) and paraffin-embedded sections (5 lm thick) were prepared, according to the standard protocol mentioned in Cryosectioning Tissues 25 and Cutting
Sections of Paraffin-Embedded Tissues, 26 respectively.
Hematoxylin and eosin staining (Solarbio, China), Masson trichrome staining (Solarbio), and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay (Roche, Sweden) were conducted according to reagent specification. High-magnification light micrographs were captured using light microscopy. Image Pro Plus 6.0 was used to determine the collagen volume fraction. The number of apoptotic cells was manually counted in 10 randomly selected areas at a magnification of 9200.
Macrophages were polarized into the M1 or M2 populations. M1 macrophages (classically activated macrophages) were proinflammatory and characterized by the expression of tumor necrosis factor (TNF)-a, whereas M2 macrophages (alternatively activated macrophages) were associated with anti-inflammatory and expressed CD206. Immunofluorescence staining for TNF-a, CD206, and CD68 was conducted. In brief, cryosections were blocked with 3% BSA for half an hour at room temperature. After incubation with first antibodies TNF-a (1:100; Abcam), CD206 (1:100; Abcam), and CD68 (1:100; Abcam) overnight at 4°C, sections were then incubated with appropriate fluorescence-labeled second antibodies (1:500; Beyotime, China) in a moist cassette at room temperature for 1 hour. All sections were stained with 4 0 ,6-diamidino-2-phenylindole (Invitrogen) and mounted with medium. A light microscope at 9200 magnification was used to detect fluorescence. The images were analyzed using Image Pro Plus 6.0. The mRNA expression for the interleukin-6, TNF-a, and interleukin-1b was analyzed using RT-qPCR. Briefly, after MI, mice randomly received intravenous injection of blankexosomes or IMTP-exosomes (50 lg/100 lL PBS/mouse). Three days after surgery, mice were euthanized and hearts were harvested. Total RNA of the hearts was extracted and reversely transcribed into cDNA by PrimeScript RT Reagen Kit (Takara, Japan). Reactions were conducted using the SYBR Premix Ex TaqRox plus (Takara, Japan) in a StepOnePlus qPCR equipment (Thermo Fisher Scientific), as follows: 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds, and finally a melting curve of 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15 seconds. PCR amplification of cDNA was repeated 3 times. GAPDH was used as housekeeping gene. The mean value of each sample was expressed as the cycle threshold. Gene expression was determined as the difference in cycle threshold between target gene and GAPDH.
At 28 days after MI, each mouse received intracardial injection of BS1-lectin (Vector, Germany) at 250 lg. Ten minutes later, anesthetized mice were lavaged with saline, followed by 10 mL of 4% paraformaldehyde through intracardiac injection. For immunohistochemistry, myocardial sections (5 lm thick) were deparaffinized and blocked with 3% BSA for half an hour at room temperature. After being incubated with anti-BS1-lectin goat polyclonal antibody (1:100; Life Technologies, United States) and anti-a-smooth muscle actin mouse polyclonal antibody (1:100; Life Technologies) overnight, all slides were incubated with appropriate fluorescence-labeled second antibodies (1:500) at room temperature for 1 hour. All sections were mounted and detected using a light microscope at 9200 magnification. The images were analyzed using Image Pro Plus 6.0.
Statistical Analysis
Quantitative data were exhibited as meanAESEM. Nonparametric data were analyzed by 2-tailed Mann-Whitney U test. Comparisons between multiple groups were specified for significance by Kruskal-Wallis test, with Dunn's posttest to compare all pairs of groups. The data reflected changes over time and were analyzed with 2-way ANOVA with repeated measures. P<0.05 was defined as statistically significant.
Results

Flowchart for Reconstruction of IMTP-Exosomes
Processes of production, purification, and systematic injection of targeted exosomes for MI therapy are exhibited in the schematic diagram ( Figure 1A ). Molecular cloning and lentivirus packaging techniques were used to introduce the IMTP identified by in vivo phage display fused with Lamp2b on the external surface of exosomes. Lamp2b was cloned with cDNA extracted from mouse skeletal muscle cells, and BamHI and EcorI restriction sites were inserted after the signal peptide sequence, together with glycine linkers using appropriate primers. IMTP was cloned into Lamp2b between linkers after the signal peptide. The full gene sequence was then cloned downstream of CMV (cytomegalovirus) promoter with BamHI and EcorI restriction sites into the vector plasmid ( Figure 1B) .
Isolation, Identification, and Successful Modification of Mouse MSCs
Cell morphological features of mouse MSCs were observed using inverted phase contrast microscopy (Figure 2A) . At 72 hours after initial culture, fibroblastoid cells moved out from the collagenase II digested humerus, tibia, and femur sclerites. After 1 more passage, more cells migrated out and grew around the bone chips. A spindle-or spiral-shaped fibroblastic colony formed. A morphologically homogeneous population of fibroblast-like cells was developed in the third passage. Cell population trended toward stability and homogenized after being subcultured up to the third passage. These cells were homogeneously positive for mesenchymal markers CD44 (72.83%) and CD105 (31.82%) and progenitor cell marker Sca-1 (stem cell antigen-1) (93.79%) but negative for hematopoietic markers CD45 (0.64%) and CD11b (0.5%) and endothelial cell marker CD31 (0.38%) ( Figure 2B ). Results obtained showed that the cultured cells possessed the characteristic phenotype of BMSCs, and BMSCs generated by the improved protocol had less hematopoietic cell contamination by comparison with traditional bone marrow culture method. The day before transfection, BMSCs were trypsinized and counted. The cells were plated at a density of 2910 6 cells in each culture dish so that they were %70% confluent on the day of transfection. After 48 hours, obvious green fluorescence signals were detected in the cells using inverted phase contrast microscopy, which indicated that BMSCs were successfully infected with lentivirus. The infection efficiency of both Lamp2b+IMTP gene overexpression lentivirus and empty vector lentivirus achieved 80% to 90% ( Figure 2C ). To identify whether the IMTP was fused with Lamp2b, agarose gel electrophoresis of RT-qPCR products and Western blot of cell proteins were performed and revealed that the IMTP was successfully cloned into Lamp2b ( Figure 2D and 2E).
Identification of Exosomes
Total exosomes were isolated from untransfected and transfected BMSC culture supernatant using Total Exosomes Isolation Reagent in accordance with the reagent specification. The purified exosomes were identified according to protein expression, morphological features, and size and by Western blot analysis, transmission electron microscopy, and NTA, respectively. We obtained 400 to 600 lg (3.2-4.8910 10 particles) of exosomes per 10 7 cells. Western blot analysis confirmed that mouse MSC exosomes expressed typical exosomal protein TSG101, CD63, and CD9 without contamination of cellular protein ( Figure 3A) . The exosomes were morphologically homogeneous, with size ranging from 30 to 150 nm and peaking at 134 nm, as examined by NTA.
Reconstruction did not affect the physical properties of the IMTP-exosomes, according to the transmission electron microscope images ( Figure 3B ) and the NTA results ( Figure 3C ).
In Vitro Targeting of IMTP-Exosomes
To investigate whether IMTP-exosomes were able to target H9C2 cells subjected to hypoxic injury more efficiently, IMTPexosomes or blank-exosomes were labeled with DiI and cocultured with hypoxia preconditioned H9C2 cells. Flow cytometry illustrated that IMTP-exosomes bound to injured H9C2 cells more efficiently than blank-exosomes and controlexosomes (43.96AE1.21% versus 38.66AE0.86% and 38.82AE0.52%, respectively) ( Figure 4A ), indicating that the IMTP augmented the binding ability of exosomes to injured H9C2 cells. To verify whether IMTP-exosomes fused with injured H9C2 cells, we labeled the exosomes with DiI (red) and H9C2 cell membranes with DiO (green). Then, we cocultured them for 30 or 60 minutes at 37°C. Fluorescent . GAPDH was used as internal reference and was detected at similar levels in all groups. E, Western blot analysis of proteins in normal mMSCs and mMSCs that were transfected with either plasmid encoding Lamp2b or plasmid encoding Lamp2b fused with IMTP (Lamp2b+IMTP). b-Actin was used as control and was detected at similar levels in all groups. GFP indicates green fluorescent protein.
microscopy analysis observed relatively low levels of interaction in control-exosome-and blank-exosome-treated cells up to 60 minutes ( Figure 4B and 4C) . By contrast, merging of red and green fluorescence on the cell surface appeared within 30 minutes and increased over time (up to 60 minutes) in the IMTP-exosome-treated group ( Figure 4D) ; this approved the targeting ability of IMTP-exosomes to injured H9C2 cells.
To detect the antiapoptosis function of IMTP-exosomes, H9C2 cells were induced by hypoxia and treated with different exosomes. Although more IMTP-exosomes were internalized by injured H9C2 cells than control-exosomes and blank-exosomes, antiapoptosis function of IMTP-exosomes did not achieve the desired effect ( Figure 5A and 5B).
Biodistribution and Delivery Efficiency of Modified Exosomes
To track exosomes and their targeting ability in vivo, nearinfrared fluorescence tracer DiR-labeled blank-exosomes and IMTP-exosomes were injected systematically into the mice experiencing MI. Imaging was performed with an IVIS Spectrum using an excitation spectrum at 750 nm and an emission spectrum at 782 nm. Image processing and the region of interest calculation were performed using Living Image Software. As depicted in Figure 6A , mice were optically imaged at 0.5, 2, 12, 48, and 72 hours after injection of exosomes. The strongest signal was observed in the mouse tail immediately after injection, and a gradually enhanced fluorescence was also detected in the abdomen and chest. Stable and clear fluorescent signal was achieved after 12 hours, peaked at 48 hours, and continued to 72 hours. After 72 hours, the signal began to degrade (data not shown). To further figure out the targeting ability of blank-exosomes and IMTP-exosomes, animals were euthanized and organs were separated at the time point of 72 hours. We detected the signals of the liver, spleen, lung, and kidney at the same time ( Figure 6B) ; almost no marked between-group difference was achieved in terms of passive exosome transfer. Data showed that the signal detected in the MI region in the IMTP-exosome treatment group was significantly stronger than that of the blank-exosome treatment group (P<0.05) ( Figure 6C and 6D) . 
IMTP-Exosome Treatment Significantly Inhibited Inflammatory Response
We again verified the targeting ability of IMTP-exosomes to ischemic myocardium through intravenous injection of DiI-labeled exosomes. As depicted in Figure 7A , more DiIlabeled IMTP-exosomes were accumulated in the MI region contrasted with blank-exosomes. Quantification results of fluorescence signals in ischemic myocardium confirmed that signal in the IMTP-exosome group was significantly higher than in the blank-exosome group ( Figure 7B) . To detect the effect of exosomes on inflammation within the ischemic area, the mRNA levels of the proinflammatory factors, including interleukin-6, TNF-a, and interleukin-1b, were analyzed using RT-qPCR. The mRNA levels of interleukin-6, TNF-a, and interleukin-1b in the mice treated with blank-exosomes were statistically higher than those treated with IMTP-exosomes (P<0.0001) ( Figure 8A ).
Hematoxylin and eosin staining confirmed the condition of inflammatory cellular infiltration. In the PBS group, cardiomyocytes showed intracellular edema, swollen and arranged irregularly. Inflammatory cells in the PBS group were remarkably elevated compared with the other 2 groups, and the IMTP-exosome group exhibited the slightest inflammation ( Figure 8B) .
Next, to detect the subsets of macrophage in the PBS group, the blank-exosome group, and IMTP-exosome group, heart slides were investigated for the recently identified M1/M2-specific marker TNF-a or CD206 ( Figure 9A ). TNF-a + M1
macrophages were dramatically increased in the PBS group and the blank-exosome group, which was attenuated in the IMTPexosome group ( Figure 9B ). Moreover, CD206 + M2 macrophages were slightly increased in the IMTP-exosome group compared with the other 2 groups ( Figure 9C ). CD68 + macrophages were reduced in ischemic area in the IMTPexosome group compared with the other 2 groups ( Figure 9D ). 
Increased Vasculature Was Observed After IMTP-Exosome Treatment
For the observation of capillaries, BS1-lectin staining was performed on paraffin-embedded heart sections. The IMTPexosome group exhibited significantly increased capillary density in the ischemic border zone compared with the blankexosome group (65.0AE5.5/high-power field [HPF] versus 40.5AE5.0/HPF; P<0.001) and the PBS group (65.0AE5.5/HPF versus 24.5AE4.2/HPF; P<0.001) (Figure 10A and 10B) . Arterioles in myocardial tissues were also detected by immunohistochemistry using a-smooth muscle actin antibody. Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole.
The number of arterioles was highest in the IMTP-exosome group compared with the blank-exosome group (11.5AE1.3/ HPF versus 5.8AE1.5/HPF; P<0.01) and the PBS group (11.5AE1.3/HPF versus 3.5AE1.3/HPF; P<0.001) ( Figure 10C and 10D).
Myocardial Apoptosis Was Reduced by IMTP-Exosome Treatment
To illuminate whether the exosomes were able to restrain apoptotic cell death, we used terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining to identify chromosomal fragmentation and quantify apoptosis in heart paraffin-embedded sections. As depicted in Figure 11A , a marked increase in the number of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive cells was observed in the PBS group, indicating the induction of apoptosis, and such an increase was mitigated after treatment with blank-exosomes and IMTPexosomes. Quantitative results showed that, compared with the PBS group, blank-exosomes and IMTP-exosomes significantly inhibited myocardial apoptosis (IMTP-exosomes, 4.5AE1.3/HPF; blank-exosomes, 11.3AE2.6/HPF; PBS, 28.3AE3.8/HPF; IMTP-exosomes and blank-exosomes versus PBS, P<0.001). IMTP-exosomes were more effective in apoptosis resistance than blank-exosomes (P<0.05) (Figure 11B ).
IMTP-Exosome Treatment Significantly Reduced Infarct Size and Preserved Cardiac Function
We then detected the effect of exosomes on fibrosis and cardiac function. As depicted in Figure 12A and 12B, fibrosis length was remarkably reduced in the IMTPexosome-treated mice than in the blank-exosome-treated mice (31.8AE1.9% versus 47.9AE1.1%; P<0.001). The PBS group had a significantly broader infarct length compared with the other 2 groups (55.9AE2.0%; IMTP-exosomes versus PBS, P<0.001; blank-exosomes versus PBS, P<0.01). Cardiac function was examined using echocardiography. On postoperative day 0 and day 3, absolute values of ejection fraction, fractional shortening, LV end-diastolic diameter, and LV end-systolic diameter were basically the same among the PBS group, the blank-exosomes group, and the IMTP-exosomes group. Ejection fraction and fractional shortening in each group shared a similar downward tendency, whereas LV end-diastolic diameter and LV endsystolic diameter similarly experienced an increase. However, in the following days until the mice were euthanized, the group treated with IMTP-exosomes resulted in a significantly upward tendency in ejection fraction and fractional shortening, whereas the blank-exosomes group only had a slight increase in cardiac function and the PBS group even got worse ( Figure 12C and 12D) . At day 14 and day 28, LV end-diastolic diameter and LV endsystolic diameter recovered the best in the IMTPexosomes group, with the blank-exosomes group at the medium level and the PBS group at the worst level ( Figure 12E and 12F) . 
Discussion
The important findings of our study include the following: reconstruction of MSC exosomes with ischemic myocardiumtargeting peptide CSTSMLKAC for the first time; proving that IMTP-exosomes can incorporate into hypoxic injured H9C2 cells more efficiently; and demonstration of the therapeutic efficacy by IMTP-exosomes derived from MSCs in AMI.
Cholesterol-rich and phospholipid exosomes can be uptaken by recipient cells so that cell-cell communications are facilitated by transporting biomolecules, such as DNA, lipid, RNA, protein, and drugs. Several preclinical studies have elucidated the therapeutic potential of MSC-derived exosomes for AMI treatment. Arslan et al 27 stem cells. 32, 33 Despite these therapeutic effects of MSCsexosomes, targeting intended tissues or cells while avoiding nonintended delivery still remains challenging. Attempts have been made to genetically modify exosomes so that therapeutic effects can be enhanced. Ligands or homing peptides displayed on the external part of exosomes have been shown to promote the specificity and efficiency of delivery. Compared with biological ligands, core ligand fragments or homing peptides are small molecules that can be easily and efficiently addressed to the external part of exosomes, and their interaction with targeting protein can be highly specific. 34 Through phage display 35 cell-derived exosomes with IMTP through a dioleoylphosphatidylethanolamine N-hydroxysuccinimide linker, demonstrating an increasing retention of the IMTP-exosomes within the ischemia/reperfusion injured heart tissues and a significant improvement in cardiac function. In our study, we introduced the IMTP motif CSTSMLKAC onto exosomal surface to target ischemic myocardium. Our results demonstrated that effective targeting of exosomes to ischemic myocardium can be achieved by engineering exosomal enriched membrane protein (Lamp2b) fused with IMTP. In vitro experiment showed that IMTP-exosomes could be internalized by hypoxia-injured H9C2 cells more efficiently than blank-exosomes. Compared with blankexosomes, a significant increase in targeting ischemic myocardium was observed in IMTP-exosomes by in vivo tracking experiment. In addition, we confirmed that MSCderived IMTP-exosomes could remarkably suppress inflammation and cardiomyocyte apoptosis, enhance angiogenesis, reduce infarct size, and improve cardiac function in a mouse MI model. To our knowledge, this is the first time MSC-derived exosomes were reconstructed with IMTP and their therapeutic efficacy was elucidated in AMI. We have to point out that we do not identify the target receptor for IMPT and the clear mechanism of interaction between them. Location, expression level, and profile of the receptors on cardiomyocyte surface may shift under hypoxia condition. 46 Identification of the receptor bound by IMTP will reinforce the specificity and efficiency of transport. In the study, Figure 12 . Assessment of fibrosis in the infarct area and cardiac function after induction of myocardial infarction. A, Myocardial sections stained with Masson's trichrome highlight the collagen fiber in blue. The number of mice in each group was 3. B, The scale bar showed the fibrosis length as meanAESEM. C through F, Temporal changes of ejection fraction (EF), fractional shortening (FS), left ventricular end-diastolic diameter (LVEDD) and LV end-systolic diameter (LVESD) were shown in the line chart. n=3 mice. In C and D, the star above the ischemic myocardium-targeting peptide CSTSMLKAC-exosomes (IMTP-Exos) group referred to difference against the PBS group and the blank-Exos group. The star above the blank-Exos group referred to difference against the PBS group. In E and F, the star below the IMTP-Exos group referred to difference against the PBS group. The star above the blank-Exos group referred to difference against the IMTP-Exos group. The star above the PBS group referred to difference against the blank-Exos group. *P<0.05, **P<0.01, ***P<0.001.
we creatively discovered that exosomes engineered with IMTP can preferentially target ischemic myocardium, and MSCderived IMTP-exosomes play important roles in the treatment of AMI. The MSC-derived exosomes targeting to ischemic myocardium could be supplied as a novel approach to carry therapeutic molecules, such as microRNAs, into ischemic heart.
